Aim: Diversity dynamics remain controversial. Here, we examine these dynamics, together with the ecological factors governing them, across mammalian clades of different ages and sizes, representing different phylogenetic scales. Specifically, we investigate whether the dynamics are bounded or unbounded, biotically or abiotically regulated, stochastic or ecologically deterministic.
| I NTR OD U CTI ON
The diversity of life was produced by the process of evolutionary diversification (Darwin, 1859; Gould, 2002; Schluter, 2000; Stanley, 1979 ).
Yet, the dynamics and the ecological controls of this process remain controversial. Mutually conflicting sources of evidence suggest that diversification may be bounded or unbounded (Cornell, 2013; Harmon & Harrison, 2015; Rabosky & Hurlbert, 2015; Simpson, 1953; Stephens & Wiens, 2003; Van Valen, 1985) , biotically or abiotically regulated (Benton, 2009; Pianka, 1966; Rabosky & Hurlbert, 2015; Van Valen, 1973 , stochastic or ecologically deterministic (Benton & Emerson, 2007; Harmon & Harrison, 2015; Walker & Valentine, 1984) .
Here, we examine hundreds of mammalian clades of different ages and sizes to evaluate the possibility that diversification dynamics vary systematically across the phylogeny (Graham, Storch, & Machac, in press; Jablonski, 2000 Jablonski, , 2007 . We submit that much of the seemingly conflicting evidence may be reconciled when the diversification process is studied across phylogenetic scales. Different diversification dynamics have indeed been reported for clades of different ages and sizes (Heard & Cox, 2015; Kozak & Wiens, 2012; McPeek & Brown, 2007; Morlon, Potts, & Plotkin, 2010; Purvis, Fritz, Rodríguez, Harvey, & Grenyer, 2011; Rabosky, Slater, & Alfaro, 2012; Stephens & Wiens, 2003) . Young and small clades often diversify at constant rates and seemingly without bounds, especially within a newly colonized region (Kozak & Wiens, 2012; Smith, Nieto Montes de Oca, Reeder, & Wiens, 2007; Stephens & Wiens, 2003) , whereas medium-sized phylogenies with hundreds of species show diversification slowdowns (McPeek, 2008; Morlon et al., 2010; Phillimore & Price, 2008) , and higher taxa are often saturated in terms of their species richness (Rabosky, 2009b; Rabosky et al., 2012) . Much literature has been dedicated to the question of how many clades expand at a constant rate, at a slowing rate, and how many stay saturated (Cornell, 2013; Harmon & Harrison, 2015; McPeek, 2008; Morlon et al., 2010; Rabosky, 2009a,b) . However, it seems likely that the three modes of diversification (constant, slowing and saturated) are not mutually exclusive and might represent different phases of the same diversification process. Surprisingly, this idea remains largely untested although it conforms to the well-established observation that island radiations tend to decelerate over time (Gavrilets & Losos, 2009; Glor, 2010; Rabosky & Glor, 2010) and that post-extinction rebounds of the fossil diversity tend towards a plateau over time (Alroy et al., 2008; Raup & Sepkoski, 1982; Sepkoski, 1998) . Here, we test the hypothesis that old and large clades are mostly saturated because they have had sufficient opportunity to reach their equilibrium richness. Young and small clades, in contrast, should expand at constant or slowing rates (see Figure 1 ).
Ecological factors that govern the diversification process remain similarly elusive. Diversification might be ecologically deterministic, governed by several factors of large effect (Rabosky, 2013; Sepkoski, 1998; Simpson, 1953; Walker & Valentine, 1984) . But it might also depend on countless factors whose complex interplay makes diversification dynamics effectively stochastic (Benton, 2009; Gould & Lewontin, 1979; Van Valen, 1973 . Building on the classic model of ecospace filling (Simpson, 1953) and further relevant literature in the field (Hutchinson, 1959; Kozak & Wiens, 2010; Pianka, 1966; Qian & Ricklefs, 2000; Rabosky & Glor, 2010; Whittaker, 1972) , we identify prominent ecological factors, widely believed to govern the diversification process, and study their relative effects (Figure 1 ). Simpson's model (1953) postulates that different factors influence the diversification of a clade as the clade gradually fills its ecospace (Gavrilets & Vose, 2005; McPeek, 2008; Schluter, 2000; Van Valen, 1985; Walker & Valentine, 1984) , which is defined as a multidimensional volume, whose axes represent various biotic and abiotic The predictive framework. We predict that clades expand at constant and slowing rates before they saturate. We further hypothesize that diversification rates are coupled with the rates of climatic-niche evolution during the initial expansion of a clade. But the following slowdowns presumably depend on environmental heterogeneity, topography and the degree of regional coexistence between mutually related species. Clade richness at saturation depends on environmental conditions, including temperature, precipitation and environmental productivity MACHAC ET AL.
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conditions (Pianka, 1966; Simpson, 1953; Walker & Valentine, 1984) .
The model was supported by fossil and phylogenetic evidence (Gavrilets & Losos, 2009; Raup & Sepkoski, 1982) and provides the rationale to formulate testable hypotheses (Gavrilets & Losos, 2009; Rabosky, 2013; Simpson, 1953; Van Valen, 1985; Walker & Valentine, 1984) ; these hypotheses are admittedly not exhaustive, and we acknowledge that other models might produce further predictions (e.g., Harmon & Harrison, 2015; Price, 2007; Stephens & Wiens, 2003) .
Based on the model proposed by Simpson (1953) , we hypothesize that clades rapidly diversify and rapidly diverge ecologically during the initial phases of their diversification (Gavrilets & Vose, 2005; Kozak & Wiens, 2010; Rabosky, 2013; Simpson, 1953) . We also hypothesize that diversification rates are increased in heterogeneous and montane regions, which provide ample opportunity for ecological divergence and speciation (Qian & Ricklefs, 2000; Schluter, 2000) . Diversification should be further increased in wide-ranging clades whose extensive geographical distributions make these clades prone to speciation and resistant to extinction (Losos & Schluter, 2000 ; Figure 1 ). Moreover, the model predicts that diversification slows down as clades gradually fill their ecospace (Simpson, 1953) , and their constituent species begin to compete for regional resources (Gavrilets & Vose, 2005; Walker & Valentine, 1984) , which suppresses further speciation and elevates their extinction (Gavrilets & Vose, 2005; Rabosky, 2013; Schluter, 2000; Walker & Valentine, 1984) . Even though diversification slowdowns are common in molecular phylogenies (McPeek, 2008; Morlon et al., 2010; Pennell, Sarver, & Harmon, 2012; Phillimore & Price, 2008) , they do not yield particularly compelling evidence for the hypothesized effects of competition. For example, the phylogenies often span geographically non-overlapping species that cannot possibly compete with each other (Harmon & Harrison, 2015; Moen & Morlon, 2014; Wiens, 2011) , such that the observed slowdowns may have been produced by other factors (e.g., statistical artefacts; Pennell et al., 2012; Phillimore & Price, 2008) . For more compelling evidence, phylogenies must be studied together with the geographical information on species coexistence (Harmon & Harrison, 2015; Machac et al., 2013; Wiens, 2011) . Developing Simpson's (1953) rationale further, we hypothesize that slowdowns are weak in heterogeneous and montane regions, where species can readily diverge spatially and ecologically to evade competition.
Eventually, clades are expected to fill the ecospace completely (Simpson, 1953) , such that their speciation and extinction equilibrate and their richness stays largely unchanged over time (Rabosky, 2013; Simpson, 1953; Van Valen, 1985; Walker & Valentine, 1984) . We hypothesize that clade richness at this stage depends on environmental factors. Highly productive, warm and humid environments (especially in the tropics) presumably generate an extensive ecospace that can sustain more species than the temperate ecospace (MacArthur, 1964; Simpson, 1953; Van Valen, 1985) .
Mammals afford an excellent opportunity to test our hypotheses and study the ecology of diversification, given the remarkable variety of their life histories, evolutionary trajectories and geographical distributions (e.g., echidna, aardvark, rodents, bats, large carnivorans and herbivores; Buckley et al., 2010; Fortelius et al., 2014; Rolland, Condamine, Jiguet, & Morlon, 2014; Soria-Carrasco & Castresana, 2012; Weir & Schluter, 2007) . Using the newest phylogeny for mammals (Hedges, Marin, Suleski, Paymer, & Kumar, 2015) , we test the prediction that diversification dynamics change over time, such that clades transition from an unbounded expansion to slowdowns and saturation.
We further test the effects of relevant ecological factors (climate, geography, topography, niche evolution, regional coexistence, etc.; Figure 1 ; Hutchinson, 1959; Kozak & Wiens, 2010; MacArthur, 1964; Pianka, 1966; Qian & Ricklefs, 2000; Rabosky & Glor, 2010; Whittaker, 1972) .
We find that the effects of these factors vary systematically across phylogenetic scales and conclude that the concept of scale-dependent diversification may inform, and possibly resolve, some of the longstanding controversies in the field.
| M A TE RI A LS AN D M ET HOD S
To test our hypotheses, we divided mammalian clades into three categories, depending on their mode of diversification (constant, slowing or saturated; Morlon et al., 2010) and used different diversification measures to characterize the clades within each category (Magallon & Sanderson, 2001; Pybus & Harvey, 2000; Rabosky, 2009a) . Clades expanding at a constant rate were characterized by their diversification rate (Magallon & Sanderson, 2001; Raup, 1985) , slowing clades by the gamma statistic (Pybus & Harvey, 2000) , and saturated clades by their log e richness (Rabosky, 2009a) . Each of these three diversification measures (diversification rate, gamma statistic and clade richness at saturation) was then regressed against a set of ecological predictors, including climate, topography and different measures of regional coexistence (based on the geographical overlaps between species distributions). The results identified the factors that influence diversification rates, diversification slowdowns and clade richness at saturation.
To avoid the problems notoriously associated with clade selection (Moen & Morlon, 2014; Pennell et al., 2012; Phillimore & Price, 2008) , we used all clades of mammals for our analyses, estimating diversification modes and measures for every clade (5 every node) of the phylogeny (Machac & Graham, 2017; Machac, Zrzavy, Smrckova, & Storch, 2012 , Machac et al., 2013 . To account for the resultant phylogenetic correlation and nestedness among our data points, we used standard phylogenetic corrections (Freckleton, Harvey, & Pagel, 2002 ) and repeated our analyses for exclusively non-nested clades (Machac & Graham, 2017; Machac et al., 2012 Machac et al., , 2013 . Even though non-nested analyses should generally be preferred, they often have their own pitfalls (Graham et al., in press; Machac & Graham, 2017; Machac et al., 2012 Machac et al., , 2013 . For example, the selection of non-nested clades is inherently non-random because each selection of a clade constrains the selection of subsequent clades (especially if the previously selected clades were large). For this reason, we used the two-level approach whereby nested analyses identified the most prevalent patterns in the data, which were further confirmed across non-nested analyses. The two-level approach consequently circumvented the pitfalls of either of the two separate approaches (nested and non-nested) and ensured that our results spanned a range of phylogenetic scales, that they were comprehensive, inclusive, robust, independent of clade size, clade nestedness and clade selection (Graham et al., in press; Machac & Graham, 2017; Machac et al., 2012 Machac et al., , 2013 . We further confirmed our results using BAMM (Bayesian Analysis of Macroevolutionary Mixtures) and MEDUSA (Modeling Evolutionary Diversification using Stepwise AIC) (Alfaro et al., 2009; Rabosky, 2014) . Finally, we controlled for various sources of possible errors, including errors in the assignment of diversification modes and errors associated with the evaluation of small-sized clades (with < 10 and < 20 species). Further details are given below and in Supporting Methods, Results and Randomizations.
| Phylogeny and geographical distributions
We used the newest, nearly complete (4,990 species) and highly resolved (nodes-to-tips ratio: 75%) phylogeny of mammals (Hedges et al., 2015) . The phylogeny updates previous mammalian trees (Bininda-Emonds et al., 2007; Meredith et al., 2011) , taking advantage of both molecular and morphological data, using multiple fossil calibration points. Species without molecular sequences were grafted onto the tree, based on taxonomy, and statistically accounted for in further analyses (Hedges et al., 2015; Rabosky, 2015; see Supporting Methods) . We recognize that the mammalian phylogeny might be further revised in the future as more sequences become available, new species become discovered, etc., but the present tree provides sufficient detail for the purpose of our large-scale analyses (see e.g., Hedges et al., 2015; Oliveira et al., 2016) . Moreover, we repeated our analyses across mammals and their six core taxa (Carnivora, Artiodactyla, Chiroptera, Eulipotyphla, Primates and Rodentia). If similar results emerge across multiple well-resolved taxa (Carnivora, Artiodactyla and Primates), they are likely to warrant strong conclusions. If these conclusions are supported also across the less-resolved taxa (Rodentia and Chiroptera), they are likely robust, indicating that similar processes operate across mammals taxon-wide, despite their disparate life histories, evolutionary trajectories and geographical distributions. The geographical distributions of mammals were taken from the database of the International Union for Conservation of Nature (IUCN) (http://www.iucn.org) and converted into distributional grids with a 18 3 18 resolution, in line with the common practice to limit false presences in the distributional data (Hurlbert & Jetz, 2007) .
| Diversification modes
To identify the diversification mode for each clade (constant, slowing or saturated), we used the coalescent approach of Morlon et al. (2010) .
This approach uses likelihood optimization to fit nine diversification models to the phylogeny, including time-constant and time-varying rates of speciation and extinction, time-constant and time-varying diversity, and their various combinations (defined in Supporting Table   S1 ). Following the procedure described by Morlon et al. (2010) , we fitted all nine models for each mammalian clade, divided the models into three categories representing the three different modes (constant, slowing and saturated) and assessed the support for each mode using Akaike's weights (Morlon et al., 2010) .
The coalescent results were further confirmed using BAMM and MEDUSA (Alfaro et al., 2009; Rabosky, 2014) . These methods are not suitable for some of our hypotheses (e.g., MEDUSA does not capture slowdowns, whereas BAMM does not capture saturation; see also Moore, H€ ohna, May, Rannala, & Huelsenbeck, 2016) , but they explicitly capture diversification heterogeneity across clades, within clades and over time and circumvent the issues of clade selection and nestedness (Alfaro et al., 2009; Rabosky, 2014) , which makes them suitable to validate some of our key results, as detailed in the Supporting Methods.
We also controlled for the effects of other diversification modes.
Clades with accelerating diversification were too rare to allow for meaningful statistical analysis and therefore removed from the dataset (Supporting Figure S5 ; Morlon et al., 2010) . Declining clades, whose speciation rates exceed extinction rates, cannot be inferred within a likelihood framework (Morlon, Parsons, & Plotkin, 2011) compatible with the coalescent inference (Morlon et al., 2010 (Morlon et al., , 2011 ) and therefore could not be included directly in our analyses (Morlon et al., 2010 (Morlon et al., , 2011 . Therefore, we identified the potentially declining clades (Supporting Figure S12 ), removed them from the dataset and confirmed that our conclusions remained practically unchanged (Supporting Fig- ures S13 and S14), as detailed in the Supporting Methods and Results. Finally, we controlled for possible errors in the assignment of diversification modes (constant, slowing or saturated) and for errors associated with the evaluation of small-sized clades (with < 10 and < 20 species; see Section 2.6 and the Supporting Methods); we also confirmed our results across clades whose diversification mode was supported with high confidence (Akaike's weight > 0.7). Together, these measures ensured that our results on the different modes of diversification (constant, slowing and saturated; Harmon & Harrison, 2015; McPeek, 2008; Morlon et al., 2010; Rabosky & Hurlbert, 2015) were robust and largely independent of the methodology used (large or small clades, clades with high or low support, BAMM or MEDUSA).
| Diversification measures
Several measures have been designed to capture diversification (Magallon & Sanderson, 2001; Pybus & Harvey, 2000; Rabosky, 2009a; Raup, 1985) , but each of them fits only the clades whose diversification conforms to the measure's specific assumptions. For example, diversification rates are estimated accurately only when a clade expands at a constant rate (Magallon & Sanderson, 2001; Raup, 1985) , whereas diversification slowdowns and saturation are better captured by the gamma statistic (Pybus & Harvey, 2000) and the natural logarithm (log e ) of clade richness, respectively (Rabosky, 2009a) . Still, it is common practice to apply the same measure to all clades, regardless of their diversification mode, which may result in erroneous estimates (Magallon & Sanderson, 2001; Rabosky, 2009a) . Here, we used the previously inferred diversification modes (constant, slowing and saturated) to identify the most suitable measure for each clade individually, thus increasing the accuracy of the estimate and the statistical strength of subsequent analyses (see Supporting Randomizations).
To characterize constant diversification, we used log e clade richness divided by clade age (Magallon & Sanderson, 2001; Raup, 1985) .
Diversification slowdowns were captured by the gamma statistic (Pybus & Harvey, 2000) , which reflects the distribution of branching times across the phylogeny and becomes increasingly negative under pronounced slowdowns (Pybus & Harvey, 2000) . Saturated clades were characterized by the natural logarithm of their (equilibrium) richness (Rabosky, 2009a) .
| Ecological predictors of diversification
After we characterized the diversification dynamics, we examined the ecological factors that potentially influence these dynamics: climate, environmental productivity, clade area, rates of climatic-niche evolution, topography, landscape heterogeneity and regional coexistence (captured by the geographical overlaps between species distributions).
These variables are explained in the following paragraphs and overviewed in Supporting Table S2 .
Climatic data were taken from the WorldClim database of Hijmans, Cameron, Parra, Jones, and Jarvis (2005) and resampled to the resolution of our distributional maps (18 3 18), using bilinear interpolation.
We selected mean annual temperature (BIO1) and annual precipitation (BIO12) for our analyses because they seem most relevant to mammalian macroecology and macroevolution (e.g., Buckley et al., 2010; Oliveira et al., 2016) . In addition, we combined all climatic variables Table S4 .
Environmental productivity was approximated by the actual evapotranspiration (AET) and net primary production (NPP). AET and NPP data were taken from the MODIS Global Evapotranspiration Project (MOD16; Mu, Zhao, & Running, 2011) and MODIS GPP/NPP Project (MOD17; Zhao, Heinsch, Nemani, & Running, 2005) , respectively, and resampled to the 18 3 18 resolution (Hurlbert & Jetz, 2007) .
To calculate clade area, we overlaid the distributional maps of all species within each clade. As species-rich clades tend to be distributed over larger geographical areas than species-poor clades, the effects of clade area might be confounded by clade richness. To control for this issue, we regressed clade area against clade richness and used the residuals from this regression in our further analyses to examine whether clade area affected diversification independently of clade richness.
To infer the rates of climatic-niche evolution (Kozak & Wiens, 2010) , we used the previously calculated climatic variables (BIO1, BIO12 and PC1) and fitted the Brownian motion model (BM) and the Ornstein-Uhlenbeck model (OU) to each of these variables across all clades. We identified the better fitting model for each clade specifically (BM or OU), using the corrected Akaike's information criterion (AICc), and extracted the corresponding rate estimates (BIO1 rate, BIO12 rate and PC1 rate; Butler & King, 2004; Felsenstein, 1985 . Given that measurement errors are unknown for most traits and species of mammals, our results on niche evolution should be interpreted cautiously.
To capture environmental heterogeneity, we calculated the number of land cover types within clade area. We distinguished 12 different land covers (listed in Supporting To capture the topography within clade area, we calculated three broadly used indices of topographic structure: terrain ruggedness index (TRI), topographic position index (TPI) and roughness (RGH; all defined in Supporting Table S2 ; Wilson, O'Connell, Brown, Guinan, & Grehan, 2007) . We also calculated the surface of clade area and divided it by the projected clade area. This ratio equals one in plains and increases with the number, steepness and the height of the mountains within clade area. Topographic data (1 km 3 1 km resolution) were taken from the WorldClim database (Hijmans et al., 2005) .
Finally, we calculated multiple measures of regional coexistence.
These measures were based on the geographical overlaps between species distributions, capturing the degree of resource sharing and partitioning across the species that coexist within a region (Machac et al., 2013; Oliveira et al., 2016; Rabosky, 2013; Rabosky & Hurlbert, 2015) .
Specifically, we calculated geographical overlaps between the distributions of mutually related species (i.e., all species within a given clade) but also distributional overlaps with unrelated species (species outside the clade) and with all mammals (species both within and outside the clade). Extensive overlaps between the distributions of mutually related species, presumed to be ecologically similar and thus competing for similar resources, have been hypothesized to suppress diversification and produce slowdowns across molecular phylogenies (Machac et al., 2013; Rabosky, 2013; Rabosky & Glor, 2010; Wiens, 2011) . In contrast, distributional overlaps with species outside the clade and with all mammals should have limited or no effect on slowdowns.
To calculate distributional overlaps between related species (within a clade), we took all species within a given a clade, summed the geographical areas of their distributions, and divided the sum by clade area.
The resultant index equals one in clades whose species are completely allopatric and increases with the extent to which species distributions overlap. To calculate distributional overlaps with unrelated species (species outside the clade) and with all species (both within and outside the clade), we summed the geographical areas of species distributions (or their parts) within clade area and divided the sum by clade area. Importantly, distributional overlaps were calculated with respect to clade area and therefore in relative (rather than absolute) terms. This ensured that the overlaps were largely independent of clade size and did not correlate with the gamma statistic for purely statistical reasons (Machac et al., 2013; McPeek, 2008; Pennell et al., 2012; Pybus & Harvey, 2000) .
| Evaluating the effects of ecological predictors
To identify the factors that influence diversification, we fitted a series of regressions where the three diversification measures (diversification rate, gamma statistic and clade richness at saturation) were predicted by the following variables: climate (BIO1, BIO12 and PC1), environmental productivity (AET and NPP), rates of climatic-niche evolution (BIO1 rate, BIO12 rate and PC1 rate), clade area, environmental heterogeneity (land covers, TRI, TPI and RGH) and distributional overlaps (within a clade, with unrelated species and with all species). The regressions were fitted across all clades within mammals and, separately, across all clades within their six core taxa (Eulipotyphla, Artiodactyla, Chiroptera, Carnivora, Primates and Rodentia), using phylogenetic generalized least squares (PGLS; Freckleton et al., 2002) . To confirm the results, we fitted PGLS models for multiple subsets of mutually nonnested clades. The non-nested clades were randomly and repeatedly selected from the collection of all clades, and using BAMM (see Section 2.6 and the Supporting Methods). Phylogenetic correlations between the analysed clades were captured by covariance matrices, derived from the phylogenetic distances between the nested and non-nested clades (see Supporting Figure S1 ; Machac & Graham, 2017; Machac et al., 2012 Machac et al., , 2013 . All statistical analyses were performed in the 'R' environment (R Core Team, 2016), and their technical details can be found in the Supporting Methods.
| Supplementary analyses
To test whether errors in the assignment of diversification modes (constant, slowing or saturated) might have influenced our results, we ran- Detailed explanation of the randomization procedure and the rationale behind it is given in the Supporting Randomizations.
Contrary to our expectation (Figure 1 ; Evans, Warren, & Gaston, 2005; MacArthur, 1964; Simpson, 1953) , we found negative correlations between environmental temperature, precipitation, productivity and clade richness at saturation (Supporting Table S10 ). This suggests that saturated clades attain low richness in the tropics, but high richness in the temperate region (Figures 3 and 4 ; Supporting Table S10 ).
To illuminate these unexpected results, and their biological explanation, we conducted several post hoc analyses. One possible explanation follows from the fact that species-poor clades often consist exclusively of tropical species with small ranges, whereas species-rich clades tend also to include extra-tropical large-ranged species (Brown, Stevens, & Kaufman, 1996) ; the geographical configuration of species ranges, in itself, can therefore produce the observed negative correlation (Figures   3 and 4 ; Supporting Table S10 ). However, the negative correlation might also arise because ecological niches are narrow and the ecospace densely packed in the tropics (Janzen, 1967; Pianka, 1966) , such that tropical clades can accumulate only limited richness before they saturate (Pianka, 1966; Quintero & Wiens, 2013; Rohde, 1992; Van Valen, 1985) . To distinguish between these two explanations, we again used the randomization procedure detailed in the previous paragraph. The randomization preserves the geographical configuration of species ranges, but reshuffles the estimated diversification dynamics, thus revealing the correlation expected under the range-configuration hypothesis (Brown et al., 1996) . Under the niche-packing hypothesis (Pianka, 1966; Rohde, 1992; Van Valen, 1985) , tropical clades should saturate at lower richness than expected under the range configuration alone (Pianka, 1966; Rohde, 1992; Van Valen, 1985) , thus producing a significantly more pronounced negative correlation than the one generated by the randomization procedure (for further details, see the Supporting Randomizations).
Moreover, we confirmed our results across non-nested clades. To this end, we compiled 1,000 clade sets, each consisting of 100 randomly selected, but mutually non-nested clades. The PGLS analyses (see above) were then repeated across all clade sets (Freckleton et al., 2002) . Additionally, we identified mutually non-nested clades with distinctly slowing diversification, using BAMM, to confirm our results on diversification slowdowns (see the Supporting Methods).
Finally, we confirmed that our results were robust to possible errors across small-sized clades whose diversification can be difficult to evaluate (Morlon et al., 2010 (Morlon et al., , 2011 Pybus & Harvey, 2000) . In particular, we excluded clades with < 10 and < 20 species from our analyses and confirmed that the core results remained supported. Further information on the statistical analysis is given in the Supporting Methods and Randomizations.
| R ESU L TS
The three modes of diversification were represented unevenly (constant, 22.10%; slowing, 55.90%; and saturated, 22.00% out of the analyzed clades) and non-randomly across the phylogeny (Table 1) .
Constant diversification was prevalent across small clades, slowdowns across medium-sized clades, and large clades were mostly saturated Table S11 ), but Artiodactyla showed the opposite pattern (Supporting Table S14 ), whereas Chiroptera (Supporting Table S17 ), Eulipotyphla (Supporting Table S20 ) and Primates (Supporting Table S23) showed no pattern at all (e.g., Supporting Table S8 ). Low diversification rates were associated with high precipitation in Chiroptera (Supporting Table S17 ), but the opposite held for Carnivora (Supporting Table S11 ). Similarly variable were the effects of climate (e.g.,
Supporting Tables S8, S11 and S14), productivity (e.g., Supporting
Tables S8, S17 and S20), clade area (e.g., Supporting Tables S8, S23 and S26) and the rates of niche evolution (e.g., Supporting Tables S8,   S17 and S23). These results imply that diversification dynamics are highly taxon-specific during the initial expansion of a clade.
In contrast, diversification slowdowns were governed by similar factors across each of the six taxa ( Figure 3b ). Pronounced slowdowns (as indicated by negative gamma) occurred in clades whose species had extensively overlapping geographical distributions (within-clade overlap; Figures 3b and 4) . These effects were detected in mammals (Supporting Table S9 ) and in every one of the examined taxa (Carnivora, Artiodactyla, Chiroptera, Eulipotyphla, Primates and Rodentia; Supporting Tables S12, S15, S18, S21, S24 and S27) and explained nearly half of the variation in diversification slowdowns, as measured by the gamma statistic (PGLS R 2 5 0.43 6 0.18 across taxa, p < .05). These Note. Particularly small clades (with fewer than five species) were not included because their diversification cannot be evaluated under the coalescent inference (Morlon et al., 2010) . (Figure 3b ; e.g., Supporting Tables S12, S15 and S21).
The slowdowns were also significantly weaker in montane and Tables S8-S28 and explained further in the Results. The ecological predictors are overviewed in Supporting Table S2 MACHAC ET AL.
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heterogeneous regions where clades had the opportunity to diverge spatially and ecologically (e.g., Supporting Tables S9, S15 and S18).
These results, which were confirmed across mutually non-nested clades (Supporting Table S6 and Figure S11 ), are consistent with the prediction of Simpson's (1953) model that competition between related and regionally coexisting species suppresses the diversification process.
Clade richness at saturation depended mostly on climate and environmental productivity (AET and NPP). Clades of warm, humid and highly productive climates of the tropics saturated at low richness (Figure 3c ; Supporting Table S10), whereas clades of cold, unproductive, temperate climates saturated at high richness (Figure 3c ; Supporting Table S10 ). This result held for mammals (Figure 4 ; Supporting Table   S10 ) and for Carnivora, Chiroptera and Rodentia (Figure 3 ; Supporting Tables S13, S19 and S28). Randomizations confirmed that the negative correlation between clade richness and temperature was significantly more pronounced than expected based on the geographical configuration of species ranges (Supporting Figure S19) , which suggests that the correlation was probably reinforced by the differences in clade packing across latitudes (Pianka, 1966; Rohde, 1992; Van Valen, 1985) .
These results again held for non-nested clades as well (Supporting Table S7 ). In addition, we found that saturated clades often showed extensive within-clade overlaps (Figure 3c ), in line with the results previously found for slowdowns (Figure 3b ).
These results were confirmed across a variety of supplementary analyses. They were confirmed across nested (Figures 3 and 4) and exclusively non-nested clades (Supporting Tables S5-S7) Figures S17 and S18) . The results were further supported when we removed small-sized clades (with < 10 and < 20 species; Supporting Table S29 ) and clades whose diversity presumably declines ( Figures S12-S24 ) from the analysis. We found that out of the 605 declining clades (Supporting Figure S12) 28.6% showed constant diversification (under the coalescent inference), 39.5% showed slowdowns, and 31.9% showed saturation. These percentages, however, need to be interpreted cautiously because individual clades do not represent independent observations. We also note that some of our results varied markedly across the examined taxa and methodological setups (e.g., Supporting Figures S2-S4 and Tables S5-S10 ), so we focus our discussion and interpretation only on the most robust results, consistently corroborated across different taxa and methods, likely to warrant biologically meaningful conclusions.
| DI SCUS SION
We found that diversification transitions from an unbounded expansion to slowdowns and saturation, at least in mammals, and each of these three diversification phases is governed by different ecological factors.
The unbounded expansion is highly taxon specific. But the slowdowns are typically pronounced in clades whose species coexist regionally, in line with the hypothesis that competition for regional resources suppresses the diversification process (Gavrilets & Losos, 2009; Gavrilets & Vose, 2005; Schluter, 2000; Simpson, 1953) . Environmental conditions determine the richness at which clades eventually saturate. These results suggest that the diversification process might be governed by systematically different factors, as clades grow and accumulate species (Figures 2-4 ; Pontarp & Wiens, 2016; Schluter, 2000; Simpson, 1953; Van Valen, 1985) . Many of the previously reported and seemingly conflicting results (e.g., Harmon & Harrison, 2015; Rabosky, 2009a; Rabosky & Hurlbert, 2015; Wiens, 2011) might therefore be reconciled under one diversification process, whose dynamics and ecological controls vary systematically across phylogenetic scales.
Diversification dynamics have been much debated in the literature (Davies, Allen, Borda-deAgua, Regetz, & Meli an, 2011; Harmon & Harrison, 2015; Heard & Cox, 2015; Purvis et al., 2011; Rabosky, 2013; Rabosky & Hurlbert, 2015; Sepkoski, 1998; Van Valen, 1985; Wiens, 2011) . Some studies found that diversification is unbounded, such that clade richness increases constantly (McPeek & Brown, 2007; Morlon et al., 2010; Stephens & Wiens, 2003; Wiens, Pyron, & Moen, 2011) , whereas others reported that diversification decelerates over time, such that most clades eventually reach their equilibrium richness (Alroy et al., 2008; Rabosky, 2013; Rabosky & Glor, 2010; Raup & Sepkoski, 1982) . We find that these results are not mutually exclusive and can be detected across different segments of the same phylogeny, presumably because they represent different phases of the same diversification process (Graham et al., in press; Machac et al., 2013; Phillimore & Price, 2008; Pontarp & Wiens, 2016) . Instead of investigating whether diversification tends towards an equilibrium or not, we should perhaps identify the clades that might have reached an equilibrium and those that keep expanding, and investigate how these clades differ from each other in terms of their ecology.
Taking this approach, we found that the early expansion of a clade is seemingly unbounded and contingent on many taxon-specific factors. For example, carnivorans diversify rapidly in the mountains, whereas artiodactyls diversify in the lowlands, and most mammals show no pattern with elevation ( Figure 3 ). The effects of climate, climatic-niche evolution, and those of the other examined factors were similarly diverse across the six taxa (Figure 3 ; Supporting Table S8 ).
This diversity of results supports the view that no single factor can guarantee the success of a new clade among the already established clades (Benton, 2009; Schemske, Mittelbach, Cornell, Sobel, & Roy, 2009; Van Valen, 1973) ; instead, new clades need to pursue new ecological strategies to become established themselves (Benton, 2009; Schemske et al., 2009; Van Valen, 1973 ). This conclusion reaffirms the results of previous research that identified very different correlates of diversification rates, even for closely related taxa (Buckley et al., 2010; Rolland et al., 2014; Soria-Carrasco & Castresana, 2012; Weir & Schluter, 2007) .
In contrast, diversification slowdowns were governed by similar factors across each of the six taxa examined (Carnivora, Chiroptera, Eulipotyphla, Artiodactyla, Primates and Rodentia). Pronounced slowdowns occurred in clades consisting of regionally coexisting species that can compete with each other for regional resources (Figures 3b   and 4 ). These resources can be shared by the regionally coexisting species, but the species can also partition them (through niche differentiation, specialization locally, etc.) in order to avoid immediate competition. In either case, the more species coexist within a region, the fewer resources are available for each of them (Currie et al., 2004; Evans et al., 2005; Oliveira et al., 2016; Wright, 1983) , which depresses the population sizes of the regionally coexisting species, elevates their extinction risk and, consequently, suppresses their diversification (Machac et al., 2013; Mittelbach et al., 2007; Rabosky, 2013; Schluter, 2000; Simpson, 1953; Wright, 1983) . Within-clade competition can also suppress speciation (Pires, Silvestro, & Quental, 2017) , probably by decreasing the chances of establishment of new species because of the lack of resources. Importantly, we found that regional coexistence with unrelated mammals (species outside the clade) had no detectable effect on slowdowns, presumably because unrelated mammals are less likely to compete with the species within any given clade. The effects of competition were further implicated by the fact that slowdowns were generally weak in montane (Rodentia, Chiroptera, Eulipotyphla and Artiodactyla) and heterogeneous regions (Carnivora, Chiroptera) where species can diverge both spatially and ecologically to evade competition (Gavrilets & Losos, 2009; Qian & Ricklefs, 2000; Schluter, 2000) .
Even though we recognize that these effects are notoriously hard to demonstrate, different facets of our results consistently suggest that diversification slowdowns might be ecologically regulated, presumably through competition among mutually related and regionally coexisting species. These effects have been previously hypothesized and modelled (Gavrilets & Losos, 2009; Gavrilets & Vose, 2005; Schluter, 2000; Simpson, 1953) , but our study is presumably the first to support them empirically across multiple taxa at a global scale.
MACHAC ET AL. | 41
Related species are often assumed to be ecologically similar and possibly competing with each other. This conjecture dates back to Darwin (1859) and has a long history in biology (Elton, 1946; Gause, 1934; Webb, Ackerly, McPeek, & Donoghue, 2002) . However, relatedness might not necessarily translate into ecological similarity (Losos, 2008; Revell et al., 2008) , and ecological similarity between regionally coexisting species might not lead to strong competition (Chesson, 2000; Godoy, Kraft, & Levine, 2014; Mayfield & Levine, 2010) . Naturally, there are many examples of limited competition among close relatives (Hylidae and Asteraceae; Chesson, 2000; Mayfield & Levine, 2010; Wiens et al., 2011) , as well as instances of strong competition among unrelated species (Borophaginae; Silvestro, Antonelli, Salamin, & Quental, 2015) . In the case of our results on diversification slowdowns, however, it seems hard to propose an alternative parsimonious explanation for the detected effects of mountains, heterogeneity and distributional overlaps with related and unrelated species, without invoking competition. Indeed, our findings need to be further tested and refined, potentially using functional traits (Losos, 2008; Marshall & Quental, 2016; Oliveira et al., 2016) , but the issues previously raised in the literature (especially the lack of connection between relatedness, similarity and competition; Chesson, 2000; Godoy et al., 2014; Mayfield & Levine, 2010) seem to act against detecting (rather than allowing us to detect) the hypothesized effects of regional coexistence on diversification slowdowns.
Environmental conditions set the richness at which clades eventually saturate (Figure 4 ). Contrary to the prediction (Simpson, 1953; Van Valen, 1985) , we found that clades saturate at low richness in the climatically favourable tropics, whereas temperate clades saturate at high richness (Figures 3c and 4 ; Evans et al., 2005; Fischer, 1960) , in line with the hypothesis that the tropical ecospace is enormously species rich but finely partitioned and densely packed with species and clades (Elton, 1946; Fischer, 1960; Pianka, 1966) . It is possible that the favourable climates of the tropics are easily invaded by many different clades (Wiens & Donoghue, 2004; Wiens & Graham, 2005) , each of which is consequently left with limited opportunity for expansion and saturates at low richness. Conversely, temperate climates are harsh and difficult to invade, but the few clades that successfully invaded the temperate region could accumulate high richness (Elton, 1946; Fischer, 1960; Pianka, 1966; Wiens & Donoghue, 2004; Wiens & Graham, 2005) . This interpretation assumes competition with mammals outside the clade (but see Figures 3 and   4) , and it is possible that competition increases as clades grow and accumulate species, such that both related and unrelated species influence the diversification process during saturation. In line with some recent work (Machac & Graham, 2017) , our results imply that species relatedness has different effects on diversification dynamics across phylogenetic scales, and further research might be needed to illuminate the mechanisms behind this scale dependence (see Machac & Graham, 2017) . Whatever the underlying mechanisms, however, there seem to be striking differences in the packing of species, clades and, possibly, ecological niches across latitudes that are interesting in their own right and cannot be explained simply by the geographical configuration of species ranges (Figures 3c and 4 ; Supporting Figure   S19 ; Brown et al., 1996) .
Diversity declines represent the final, if not inevitable, terminal phase of the diversification process that has proved rather difficult to infer from phylogenetic data (Gould, Raup, Sepkoski, Schopf & Simberloff, 1977; Raup & Sepkoski, 1982; Van Valen, 1985) . Mammals provide many examples of extinct (Mesotheriidae, Toxodontidae and Borophaginae) and potentially declining clades (Marsupialia, Xenarthra, Perissodactyla and Cetacea), and new methods have been developed to identify these clades using molecular phylogenies (Beaulieu & O'Meara, 2015; Morlon et al., 2011; Purvis, 2008; Quental & Marshall, 2010) . These methods have their limitations, however (e.g., assumptions about diversification heterogeneity), and there is currently no clear consensus as to how reliably, and under what circumstances, they can estimate extinction (Beaulieu & O'Meara, 2015; Moore et al., 2016; Morlon et al., 2011; Rabosky, 2016) , especially when extinction is high and exceeds speciation (Moore et al., 2016; Quental & Marshall, 2010; Rabosky, 2016 However, it seems likely that the decline might be steeper among the small and young clades of mammals, which would balance out the expansion that otherwise prevails among these clades (Figure 2) and explain the saturation generally detected in large clades (Figure 2 ). Evaluating the relative magnitude of diversity declines across phylogenetic scales is beyond the scope of the present study, and might require validation against the fossil data. But our results provide the motivation for such research and reaffirm its importance for understanding the evolution of mammal diversity, including the longstanding question of what drives clades to a decline and, eventually, extinction (Gould et al., 1977; Morlon et al., 2011; Raup & Sepkoski, 1982; Van Valen, 1973 .
The fossil record largely corroborates our key findings (Figures 2-4 ; Alroy, 1996; Liow & Finarelli, 2014; Raup & Sepkoski, 1982; Sepkoski, 1998; Silvestro, Antonelli et al., 2015; Van Valen, 1985) . Directional changes from an unbounded expansion to slowdowns and saturation are common in marine invertebrates (Raup & Sepkoski, 1982; Sepkoski, 1998) , but Eocene mammals and Neogene carnivorans show similar dynamics (Alroy, 1996; Liow & Finarelli, 2014) . The effects of competition on diversification slowdowns have also been reported for Eocene canids, whose increasing competition may have suppressed the diversification process and, occasionally, driven entire clades to extinction (e.g., Hesperocyoninae, Borophaginae; . Moreover, the tropics of Eurasia have been typified by a dense packing of habitat and dietary niches in Neogene mammals (Fortelius et al., 2014) . These observations are consistent with our key findings (Figure 4 ) that, in turn, complement and corroborate results previously reported from the fossil record.
Our Discussion has centred on the main trends detected in mammals (Figures 2-4 ), but we do not dispute that many mammalian clades might defy these trends and follow their own diversification trajectories (see Figure 3 ; Supporting Figures S2-S4 ). In principle, clades might diversify at slowing rates without ever reaching an equilibrium (e.g., increasing selection pressure on evolutionary innovation might raise the equilibrium richness of a clade before it is reached; Erwin, 2008; Marshall & Quental, 2016; Schemske et al., 2009; Van Valen, 1973) .
Saturated clades might break away from their presumed ecological constraints (e.g., through key adaptations, such as herbivory, hypsodonty or flight) and further expand (Glor, 2010; Losos, 2010; Schluter, 2000) ,
and not all higher taxa need to be saturated (e.g., saturation within mammals does not preclude the expansion of vertebrates as a whole; Hedges et al., 2015; Jezkova & Wiens, 2017) . Nonetheless, our study presents a promising attempt to unify the growing body of diversification results. It reveals that most clades of mammals follow similar diversification trends, governed by different classes of ecological factors over time. The most prominent factors, namely competition between regionally coexisting species, niche packing and partitioning, have been identified (Gould, 2002; Pianka, 1966; Schluter, 2000; Simpson, 1953; Van Valen, 1985) , and we propose promising strategies for their further investigation (especially research across phylogenetic scales; Graham et al., in press; Machac & Graham, 2017) .
We acknowledge that our results may have been influenced by several sources of error, including errors in the assignment of diversification modes (Morlon et al., 2010) and errors associated with the evaluation of small-sized clades (Morlon et al., 2010 (Morlon et al., , 2011 . The results may also have been influenced by clade nestedness and by the uneven resolution of the mammalian phylogeny (Hedges et al., 2015) . Still, none of these errors seems likely to overturn our core conclusions, which were supported across multiple diversification methods (BAMM and MEDUSA; Figure 2 ; Supporting Figures S6, S8 and S10), when we randomly reshuffled diversification modes across clades, thus controlling for the possible errors in mode assignment (Supporting Figures S15-S18), when we repeated our analyses for clades whose diversification mode was assessed with high confidence (Supporting Figures S2-S4 ) and when we removed small-sized clades (with < 10 and < 20 species) from the analysis (Supporting Table S29 ). The conclusions were supported across mammals but also across multiple taxa within mammals, including the well-resolved taxa (Carnivora, Artiodactyla and Primates), but also Rodentia and Chiroptera (Figures 3 and 4) . They were further supported across nested and exclusively non-nested clades (Supporting Tables S5-S7 and Figure S11 ) and when controlling for clades with declining diversity (Figures S12-S14 ). Still, we note that diversification analyses approximate only the most important trends across the phylogeny (Alfaro et al., 2009; Morlon et al., 2010 Morlon et al., , 2011 Rabosky, 2014) and rarely capture the underlying dynamics entirely (Morlon, 2014; Morlon et al., 2010 Morlon et al., , 2011 Ricklefs, 2007) , especially in taxa that are extremely diversified internally (i.e., Rodentia and Chiroptera). Even though we used the model devised by Simpson (1953) and further relevant literature (Hutchinson, 1959; Kozak & Wiens, 2010; Pianka, 1966; Qian & Ricklefs, 2000; Rabosky & Glor, 2010; Whittaker, 1972 ) to guide our analyses, our results are not contingent on the choice of this model and stand on their own merit. Indeed, some of the original predictions of the model were not supported (e.g., clades do not saturate at high richness in the tropics), and our results identify the elements of Simpson's (1953) model that might need to be revised in the future.
| CON CL U S I ONS
We found that evolutionary diversification may vary across the phylogeny, with different dynamics and ecological factors prevailing across different phylogenetic scales. Here, we defined phylogenetic scale in terms of clade age and clade size. But the concept of phylogenetic scale needs to be further developed, formalized and, possibly, compared with spatial and temporal scales (which ignore phylogenetic hierarchy; Graham et al., in press; Jablonski, 2000 Jablonski, , 2007 Purvis et al., 2011) , and our work sets the stage and provides the motivation for such a research programme (Graham et al., in press ). It has been debated whether diversification is unbounded or ecologically constrained, stochastic or ecologically deterministic, biotically or abiotically regulated. Our study attempts to break these dichotomies, illustrating that each of these alternatives might apply during different phases of the same diversification process. Many of the seemingly conflicting results in the literature consequently seem to complement, rather than contradict, each other (Benton, 2009; Cornell, 2013; Harmon & Harrison, 2015; Rabosky & Hurlbert, 2015) , especially in the phylogenetic context that covers a range of clades of different ages and sizes. Future cross-scale analyses might therefore produce a more complete and integrated understanding of the processes that generate species diversity. 
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